Characterizing aerothermodynamic environments represents a significant challenge to aircraft operations. Hypersonic boundary-layer structure including transitions from laminar flow to turbulent flow is important to air vehicle design, thermal protection system design, and air vehicle in-flight control. Because the transition region cannot be observed directly, an inverse procedure must be formulated that relates transition region characteristics with parameters that can be measured. We propose a novel measurement system that leverages the hypersonic bodysurface heating profile to locate the boundary-layer transition region. In this work, we focus on ultrasonic sensing as the measurement strategy, a three-dimensional conduction solution, and the extended Kalman filter for the inverse procedure. Development of the proposed measurement method is accomplished using simple, controlled experiments involving a high-heat flux step source on a large flat metal plate. Although the heating profile of the step source used in this work is somewhat similar in profile to the hypersonic transition region heating profile, the transition region may exhibit smaller gradients, nonuniform heating before and after the transition, and irregular shapes. Heating-source localization results and convergence behavior are compared for the extended Kalman filter and simulated one-way ultrasonic pulse measurements. Sensor-array pattern experiment results are presented for the sensor array. The extended Kalman filter was found to be robust and appropriate for applications where the user has control over some aspect of the environment that affects the parameters being estimated (e.g., throttle, attitude controls, etc.). 
Characterizing aerothermodynamic environments represents a significant challenge to aircraft operations. Hypersonic boundary-layer structure including transitions from laminar flow to turbulent flow is important to air vehicle design, thermal protection system design, and air vehicle in-flight control. Because the transition region cannot be observed directly, an inverse procedure must be formulated that relates transition region characteristics with parameters that can be measured. We propose a novel measurement system that leverages the hypersonic bodysurface heating profile to locate the boundary-layer transition region. In this work, we focus on ultrasonic sensing as the measurement strategy, a three-dimensional conduction solution, and the extended Kalman filter for the inverse procedure. Development of the proposed measurement method is accomplished using simple, controlled experiments involving a high-heat flux step source on a large flat metal plate. Although the heating profile of the step source used in this work is somewhat similar in profile to the hypersonic transition region heating profile, the transition region may exhibit smaller gradients, nonuniform heating before and after the transition, and irregular shapes. Heating-source localization results and convergence behavior are compared for the extended Kalman filter and simulated one-way ultrasonic pulse measurements. Sensor-array pattern experiment results are presented for the sensor array. The extended Kalman filter was found to be robust and appropriate for applications where the user has control over some aspect of the environment that affects the parameters being estimated (e.g., throttle, attitude controls, etc.). A NOVEL measurement system is presented in this work for estimating the characteristics of a multidimensional heating load. Motivation for this work comes from aerothermodynamics and estimating the boundary-layer transition region on a hypersonic vehicle. Knowledge of the location of the transition region is important for optimizing flight parameters during flight and for designing the hypersonic vehicle and its thermal protection systems [1] . The harsh environment of hypersonic flight presents numerous challenges to directly observing and measuring the transition region [2] . Further complicating matters, mechanisms leading to hypersonic boundary-layer transition are poorly understood [3] . Heat flux and body-surface temperatures in the turbulent region after the transition are significantly higher than in the laminar region ahead of the transition, thereby creating a distinct heating profile [4] . The transition region and heating profile are dependent on geometry, surface roughness, flight conditions, etc. [5, 6] . The measurement system explored in this work leverages this hypersonic body-surface heating profile to estimate the boundary-layer transition region location. Instead of measuring aeroshell temperature with thermocouples, thermopiles, or thin-film gauges, ultrasonic thermometry methods are explored [7] . Unlike these other methods, the ultrasonic sensors would be located on the inside surface of the aeroshell away from the harsh external conditions with the added benefit of not disturbing the external airflow. Backside thermocouples share this inside surface feature; however, backside thermocouples sample only the surface of the material, whereas ultrasonic sensors sample the entire thickness dimension. Additionally, spatially separated ultrasonic transducers sample the material between the sensors, a feat not shared by thermocouples without adding numerous sensors. An ultrasonic pulse is generated with one sensor and received with another sensor. The elapsed time between sending and receiving the pulse is recorded as the ultrasonic pulse time of flight. Because speed of sound is temperature-dependent, the time of flight changes with the average temperature of the aeroshell between the sensors. The ultrasonic time-of-flight measurements are related to temperature by [8] 
where G ij is the ultrasonic pulse time of flight, L ij is the distance between transducers, v 0 is the sound speed in the material at a reference temperature, ξ is the ultrasonic time-of-flight factor (which is a material property), and θ avg is the change in temperature from the reference temperature between the two sensors. To obtain the estimated transition region location, a thermal model and an inverse method could be used with measured ultrasonic pulse time of flight as the input and estimated transition region location as the output. The inverse method in this work is based on the extended Kalman filter, which constructs a framework for predicting the state based on an input to the system and correcting the predicted state based on sensor observations [9, 10] . This ultrasound and extended Kalman filter method was successful at locating a concentrated spot source on a flat metal plate. The present work seeks to determine if the method is appropriate with a step source. The term step source does not indicate a discontinuous heating profile but rather a significant gradient at the edges. Although the heating profile of the step source used in this work is somewhat similar in profile to the hypersonic transition region heating profile, the transition region may exhibit smaller gradients, nonuniform heating before and after the transition, and irregular shapes [5, 6] . The concentrated spot source research has been detailed in previous works with a thermocouple experiment, a forward conduction solution, and a comparison of six different measurement models for the inverse procedure [11] [12] [13] . Additionally, a sensor array was studied for sensitivity to boundary conditions, thermal properties, and noise [8] , a comparison of the extended Kalman filter, particle filter, and least-squares localization techniques was conducted [14] , and an adaptive extended Kalman filter was presented and analyzed [15] . Conclusions from these previous works include the following.
1) Least squares, extended Kalman filter, information filter, and particle filter produce similar results for estimating the location of the spot heating source when considering accuracy of converged solution and smoothness of convergence behavior.
2) Resource requirements for the particle filter are much higher than for the extended Kalman filter, the information filter, and least squares.
3) Measuring one-way ultrasonic time of flight produces better localization results than measuring ultrasonic pulse-echo time of flight.
4) Sensitivity to spot heating-source location is greater in the direction perpendicular to the ultrasonic pulse propagation path for the one-way ultrasonic pulse methods.
This work is similar to the aforementioned spot source works in that the present work details sensitivity analyses and parameterestimation studies with a heating source on a flat metal plate; however, the heating source in this work is a rectangular lamp with a heated area of 19 × 14 cm. The bottom edge of the heated area is treated as the step. In this work, a thermocouple experiment with the step heating source is detailed; a three-dimensional (3-D) numerical forward conduction solution is developed; an ultrasonic sensor-array sensitivity analysis is presented; parameter-estimation results are detailed; and results from a sensor-array pattern experiment are summarized. This work considers a constant, nonmoving step source. Multiplexing ultrasound equipment is under development and was not available for this study; therefore, the ultrasound sensor data are fabricated using the model developed in this study and results from previous works with two sensors [8, 14] . Later works will consider a moving, variable-magnitude step source and more complicated geometries. This work recognizes, but does not attempt to answer, issues with various thermal protection systems including composite structures, ablative materials, active cooling, etc.
II. Methods
This work explores using ultrasound and the extended Kalman filter to estimate the location of one edge of a rectangular heating source on a flat plate. This section details the methods used to explore this ultrasound and extended Kalman filter strategy. First, a flat-plate experiment using thermocouples is conducted, and a 3-D numerical model of the flat plate based on experiment results is developed. Next, the ultrasonic pulse-measurement model is described, including the sensor array used in sensitivity analyses and parameter-estimation studies found in Sec. III.
A. Flat-Plate Experiment
Consider a 30.5 × 30.5 × 0.2667 cm (0.0254 cm) polished stainless-steel 316L plate ( Fig. 1 ) with constant properties (Table 1) . Flat black Rust-Oleum Specialty High Heat enamel paint is applied to a 19 × 14 cm rectangular area at the plate center to maximize radiant energy absorption from the heater. The thermal capacitance of the paint is four orders of magnitude less than that of the plate; thus, the paint does not introduce significant thermal lag. Eight K-type 30 gauge thermocouples are attached on the nonheated side of the plate. With plate center being the origin and the x axis being the length ( Fig. 1) , thermocouples are attached at x; y locations of 0; −2 cm, 0; −5 cm, 0; −8 cm, 0; −12 cm, −5; −2 cm, −5; −5 cm, −5; −8 cm, and −5; −12 cm. The thermocouples are lightly dipped in thermal grease and secured to the plate with Kapton tape to ensure good thermal contact. The heating source, the Designer's Edge L-18 portable work light with 500 W halogen bulb, is positioned approximately 5 mm from the plate surface such that its radiant energy strikes the black painted area and is powered on at t 100 s and removed at t 200 s. The plate is oriented vertically with the positive y axis pointing up (see Fig. 1 ).
B. Forward Conduction Solution
The forward conduction solution used in this study is similar to the solution developed in previous work [8, [11] [12] [13] and leverages COMSOL Multiphysics by the COMSOL Group and MATLAB by Mathworks, Inc. The solution uses a finite-element mesh with smaller elements near the heat source and larger elements near the plate edges to conserve computing resources.
For the flat plate detailed in Sec. II.A, the governing equation for the subdomain (conduction in the plate) is
where ∇ 2 is the Laplacian operator, and the density ρ, specific heat C p , and thermal conductivity k are considered constant. The boundary condition is
where ∇ is the gradient operator, q 0 is the inward heat flux imposed by the lamp, h is the convection coefficient, ϵ is the surface emissivity, and σ is the Stefan-Boltzmann constant (σ 5.67× 10 −8 W∕m K 4 ). The initial condition is an isothermal plate at T 297.5 K. T inf and T amb are assumed constant at 297.5 K. Radiation is included in the model primarily to capture the radiation losses of the plate's painted area. A grid convergence study was performed to ensure grid independence [16] . Both the number of elements in the plate's x-y plane and the number of layers in the plate's thickness were considered. The grid convergence study led to the selection of a single mesh layer through the plate's thickness, a maximum element size in the rectangular heated area of 0.1 (dimensionless), 596 elements, and 3759 degrees of freedom. Independent verification of the numerical model was performed using a closed-form, analytical solution of heating through a circular domain without convection or radiation [17] . The areas of the heated zone for the circle model and the rectangle model were equal. All other aspects of the numerical models including maximum element size in the heated zone were identical. Agreement between the numerical solution and the closedform solution is acceptable with mean absolute error less than 1.3 K. The maximum temperature rise is approximately 140 K, which occurs in the center of the heating source for the estimated heat flux identified next.
Parameter identification using least squares [18] was used to determine the boundary conditions on the plate. Emissivity is ϵ 0.8 and ϵ 0.075 for the painted area and polished areas, respectively [19] . The heat flux from the lamp is estimated to be q 0 0 9.97 kW∕m 2 over the 19 × 14 cm painted area, and the convection coefficient on the plate sides is estimated to be h 12.9 W∕m 2 · K. The estimated convection coefficient lies within the expected range of 2-25 W∕m 2 · K [20] . The convection coefficient on the plate edges is assumed to be h 3 W∕m 2 · K. Figure 2 illustrates the convergence behavior for the simultaneous parameter identification of h and q 0 0 . Figures 3-6 illustrate the temperature response measured during the experiment and the residuals [21, 22] between the experiment and the model. Agreement between the model and the experiment is acceptable; however, improvement could be achieved through addressing uncertainty in the heating profile and sensor placement. 
C. Measurement Model
The measurement model examined in this work is based on a sensor array using four ultrasonic transducers in an 8 cm square pattern (Fig. 7) . Data-acquisition equipment employing crosscorrelation techniques would be used to determine and record ultrasonic one-way pulse time of flight readings once per second along the four paths shown in Fig. 7 .
The ultrasonic time of flight in Eq. (1) should be normalized because L ij is known with insufficient accuracy to compare the time of flight from the model to the measured values. Thus,
where G 0 is the reference time of flight at T 0 .
III. Results
The forward conduction solution and the measurement model detailed in Sec. II are used in this section to examine sensitivity to source location, boundary conditions, and thermal conductivity. Additionally, step-source parameter-estimation results are presented, including a look at the effects of sensor noise on parameterestimation performance. The sensitivity analyses and parameterestimation studies are conducted using the 8 cm square sensor array detailed in Sec. II. Multiplexing ultrasound equipment was not available for this study; therefore, the ultrasound sensor data are fabricated. A sensor-array pattern experiment is included to explore sensor-array design alternatives.
A. Sensitivity to Source Location
To better understand the sensitivity of the four transducer arrays (Fig. 7) to source location, it is necessary to examine the sensitivity for one sensor pair. Note that this discussion assumes the that source is static and therefore not moving with time. The normalized sensitivity to heating-source location is expressed as
where y represents the step edge location and has values ranging from −11 to −3 cm. Figure 8 illustrates the sensitivity to heating-source location when the step edge is perpendicular to the ultrasonic pulse propagation path. Heating is applied at t 100 s and removed at t 200 s.
Step distance is measured from the sensor-array center. Sensitivity is high when the step is between the sensors and drops off significantly when the step is outside of the sensors. Figure 9 illustrates the sensitivity to step location when the step is parallel to the ultrasonic pulse propagation path. Sensitivity is highest when the step edge is directly over the sensors at the end of the heating period. The magnitude of the sensitivity is higher over a larger area when the step edge is parallel than when the step is normal to the sensor path. This observation is important when considering sensor-array design.
B. Sensitivity to Boundary Conditions and Thermal Conductivity
Sensitivities to boundary conditions ( Fig. 1) and thermal conductivity are analyzed for an ultrasonic sensor configuration of four sensors in an 8 cm square configuration (Fig. 7) . Sensitivities for the primary heat flux (q 0 0 ), convection coefficient for the plate sides (h), and thermal conductivity of the plate (k) are illustrated and analyzed for heating-source step locations inside the sensor array and up to 2 cm outside the sensor array.
Conditions for the sensitivity to boundary conditions and thermal conductivity analysis include the following.
1) The heating source is in a fixed position with unknown location.
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3) The heat flux is q 0 0 9.97 KW∕m 2 over a 19 cm × 14 cm rectangular area while the heating source is applied.
4) The convection coefficient on both sides of the plate is assumed to be h 12.9 W∕m 2 · K. 5) The convection coefficient on the plate edges is assumed to be h 3 W∕m 2 · K.
6) The emissivity of the plate's painted area is estimated to be ϵ 0.8 [19] .
7) The emissivity for the plate's nonpainted areas is estimated to be ϵ 0.075 [19] .
8) The plate material properties are assumed to be k 14.6 W∕m · K, C p 500 J∕kg · K, and ρ 8000 kg∕m 3 [19] . 9) The positions of the sensors are assumed to be precisely located at 4; −3 cm and 4; −11 cm on the plate's nonheated side.
Sensitivity is computed using finite differences where baseline ultrasonic pulse times of flight values are computed using the previous conditions, and then new ultrasonic pulse time of flight values are computed with the parameter multiplied by 1 δ. Sensitivities are presented scaled according to the following relation [23] : where β i is the parameter being investigated, and G is the ultrasonic pulse time of flight. The δ parameter used in this work is δ 0.001. By normalizing the sensitivities, direct comparison between all investigated parameters can be performed. Figures 10-12 illustrate sensitivity to heat flux q 0 0 , convection coefficient h, and thermal conductivity k over time for different step locations. As expected, the highest sensitivity to changes in the heat flux are when the heating source completely covers the sensor array (−6 cm) because this arrangement requires the least amount of time for the temperature at the sensors to rise. Sensitivity is greatest for h and k also when the heating source completely covers the sensor array.
For a more direct comparison between the three sensitivity coefficients, the data from a single location in Figs. 10-12 are combined. Figure 13 illustrates the sensitivities for each parameter Time (s) S t e p d is t a n c e ( c m ) for all times during the experiment with the heating source in the center of the sensor array (0 cm). Sensitivities to heat flux and thermal conductivity are correlated for most of the experiment (∼150-250 s and ∼500-1000 s), making simultaneous estimation of q 0 0 and k difficult. Figure 14 illustrates the sensitivities for each parameter for all times during the experiment with the heating source offset from the center of the sensor array by 2 cm, which means less of the sensor array is covered by the heating source. The correlation between heat flux and thermal conductivity is not as strong; however, a correlation between heat flux and convection coefficient is evident from ∼700-1000 s. Figure 15 illustrates the sensitivities for each parameter for all times during the experiment with the heating-source step offset from the center of the sensor array by −2 cm, which means more of the sensor array is covered by the heating source. During heating, the correlation between heat flux and thermal conductivity is quite strong. Sensitivity to convection coefficient is not correlated with the other parameters; however, during heating, the sensitivity magnitude is much smaller than the sensitivity magnitude of heat flux and thermal conductivity. Figure 16 illustrates the sensitivities for each parameter for all times during the experiment with the heating source offset from the center of the sensor array by 4 cm, meaning that the step is located at the top edge of the sensor array. In this situation, only the sensor pair at the top of the array receives much usable information, and then only after heating has been removed. Figure 17 illustrates the sensitivities for each parameter for all times during the experiment with the heating source offset from the center of the sensor array by −4 cm. At this point, the entire sensor array is covered by the heating source, and the step is at the lower edge of the sensor array. Sensitivity to heat flux dominates the solution, rendering simultaneous estimation of q 0 0 and either of the other two parameters difficult.
C. Step-Source Parameter Estimation
Locating and characterizing a heating source depends upon many factors such as heating-source movements in time, the heating-source magnitude changes in time, and other transient behaviors (e.g., transient boundary conditions). Fairly restrictive conditions can be imposed that simplify the problem. Our analysis and algorithm development can proceed using these restrictive conditions, and then conditions can be relaxed systematically to achieve the end result of general source localization and characterization. The conditions for the parameter-estimation study include the following.
2) The heating source is applied at time t 100 s and removed at t 200 s.
3) The heat flux is q 0 0 9.97 K · W∕m 2 over a 19 × 14 cm rectangular area while the heating source is applied. 4) The convection coefficient on both sides of the plate is assumed to be h 12.9 W∕m 2 · K.
5) The convection coefficient on the plate edges is assumed to be h 3 W∕m 2 · K. 6) The emissivity of the plate's painted area is estimated to be ϵ 0.8 [19] .
8) The plate material properties are assumed to be k 14.6 W∕m · K, C p 500 J∕kg · K, and ρ 8000 kg∕m 3 [19] .
9) The positions of the sensors are assumed to be precisely located at 4; −3 cm and 4; −11 cm on the plate's nonheated side.
10) Measurement and filter updates are performed at 1 s time steps. Selection of the time step for actual implementation will depend upon resource requirements and performance to achieve real-time estimates. For the step-source parameter estimation, the bottom horizontal edge of the heated zone in Fig. 1 is the step we wish to locate. The state, therefore, is X t y q . The ultrasonic time of flight is normalized by the average time of flight measured before the heating source is applied to the plate (G ij ∕G 0 ).
The extended Kalman filter algorithm to locate the source can be found in Table 2 . There is no input (U t ) to the state; thus, the extended Kalman filter state model is a 1, and the state Jacobian is A 1. A state variance of σ 2 0.01 m 2 was chosen as a baseline value. Thus, the state model covariance matrix is Q t 0.01 m 2 . This measurement model consists of obtaining expected temperatures from the numerical solution, computing the average temperature between the transducers, and then computing a simulated time-of-flight measurement to form b
T , where t is time in seconds with a time step of 1 s, G i with i 1; 2; 3; 4 is the expected ultrasonic pulse time of flight, and y i with i 1; 2; 3; 4 are the locations of four transducers. For the foregoing analysis, the average temperature is computed along the path in the middle of the plate's thickness between any two sensors. The Jacobian is obtained using finite differences by moving the y positions of all sensors by 0.0001 m to form B t −∂ G 1 ∕∂y; −∂ G 2 ∕∂y; −∂ G 3 ∕∂y; −∂ G 4 ∕∂y T . Based on flat-plate experiments in previous work [8] , the sensor noise is assumed to be 6 × 10 −4 (a nondimensional number based on G ij ∕G 0 ) and is normally distributed (σ 2 6 × 10 −4 ∕3 2 4 × 10 −7 ). The measurement covariance matrix, therefore, is R 4 × 10 −7 × I 4 . Sensor position error is assumed to be normally distributed with a standard deviation of 1 mm in both x and y directions. This value is based on the assumption that the sensors are bonded to the plate manually using fiduciary marks for sensor placement. More accurate and repeatable sensor placement is possible using a jig or other apparatus. Extended Kalman filter convergence behavior with these parameters is illustrated in Fig. 18 for a range of step-source locations and an initial guess of y 0 cm. The solution converges to the correct heatingsource step location in all cases by 5 s except when the guess is far from the actual location, in which case convergence takes twice as long. Similar convergence behavior is evident with all valid initial guesses (i.e., initial guesses physically on the plate). However, the better the initial guess, the faster the algorithm finds the step location. The spike near 103 s in Fig. 18 
Return to step 1 for next time step and −6 cm is caused by the low sensitivity to heating-source location (see Fig. 9 ). Figure 19 illustrates the sensitivity to sensor noise for the one-way pulse time of flight measurement model. The experiment was simulated with the numerical model using dimensionless noise comparable to the noise recorded during the experiments (6 × 10 −4 s) and with noise one and two orders of magnitude higher (6 × 10 −3 and 6 × 10 −2 s). In all cases, the algorithm is able to locate the step flux in the same amount of time, but excessive noise yields more noisy solutions.
D. Sensor-Array Pattern Experiment
A sensor-array pattern experiment is conducted using the candidate configurations in Fig. 20 . The footprint of all candidate configurations is consistent at 8 cm. The intent of this sensor-array pattern experiment is to compare the performance of different sensor configurations chosen by analyzing the previous sensitivity data. For example, the previous analysis uses a square sensor pattern as a matter of convenience; however, a diamond pattern might be a better choice. A square sensor pattern has six possible ultrasonic propagation, paths and this sensor-array pattern experiment seeks to determine if using six paths yields better performance than four paths. Concentric squares and concentric diamonds are included because the location sensitivity is highest with the step location near the center of the sensor array, and concentric shapes might yield a larger area of high sensitivity. The hexagon shape is included as a simple excursion from the square pattern by adding two sensors. Horizontal pairs and vertical pairs are included to further evaluate sensitivity with the step parallel and normal to the ultrasonic propagation paths. The extended Kalman filter and numerical solution are used to locate a simulated step source. Convergence behavior for all configurations is compared in Figs. 21-23 . The algorithm is able to converge to the correct heating-source step location for all sensor configurations; however, the manner of convergence is important. A smooth, fast convergence is desired to support transient heating-source parameter estimation. With the step source offset by −6 cm (Fig. 21) , fairly smooth convergence is evident for all configurations except the four-path square, the concentric squares, and the horizontal pairs. With the step source offset by 2 cm (Fig. 22 ) and 3.5 cm (Fig. 23) , fairly smooth convergence is evident for all configurations except the four-path square and the concentric squares. These results indicate better performance with a sensor array containing at least one ultrasonic propagation path not parallel or normal to the step edge, a significant finding that should guide future development.
IV. Conclusions
The results from the step heating source in this work complement and extend previous research with a spot heating source. The threedimensional numerical model developed in this work captures the temperature response of the plate heated with the step source with sufficient accuracy to support parameter estimation of the heatingsource location and other thermal parameters. The method is distinctive in that a finite-element model is used as a forward conduction solution instead of a one-dimensional or two-dimensional closed-form solution. The numerical model is linear but readily capable of incorporating nonlinear effects through material properties and boundary conditions, a feat not shared by the closed-form solutions. Sensitivity analysis revealed that heat flux dominates the solution when the sensor array is nearly or completely covered by the heating source, rendering simultaneous estimation of heat flux, convection coefficient, and thermal conductivity difficult.
The Kalman filter is successful in robotics and other fields because of its simplicity, computational efficiency, and the ability to include a control input. Based on parameter-estimation results in this work with a step source and previous works with a spot source, the extended Kalman filter is a robust solution because the filter exhibits desirable convergence behavior with fairly noisy data. Whereas this work had no inputs to the state model, the ability to add inputs to the extended Kalman filter is anticipated to be more robust than methods such as least squares for boundary-layer transition region estimation. For a hypersonic vehicle, the control input to the extended Kalman filter could be the pilot's flight-control commands (e.g., throttle, attitude controls, etc.) and sensor data (e.g., angle of attack, altitude, etc.). The extended Kalman filter would be appropriate for applications where the user is able to control some aspect of the environment that affects the parameters being estimated.
The method is able to locate the step heating source for step locations outside the sensor array, which contrasts with the finding from previous work that the method is unable to locate spot heating sources outside the sensor array. This finding is significant and can be explained by comparing the heated area of both sources. The step source covers a much larger area on the plate, which yields more information for the inverse routine.
Sensors should be arranged in a square pattern or hexagonal pattern with six propagation paths to provide the best convergence behavior for the widest range of heating-source step locations. Further studies are warranted to determine performance with sensor arrays smaller and larger than the 8 cm arrays considered in this work. Boundary-layer transition region estimation for a hypersonic vehicle may require multiple square or hexagonal sensor arrays to cover the entire range of possible transition region locations.
Next steps should include conducting experiments identical to the experiments detailed in this work but with ultrasonic transducers, using the ultrasound data in parameter-estimation analyses, applying adaptive filter techniques developed in previous work to the step source in this work, and relaxing conditions to incorporate a moving step location. Additionally, considering more complex heating load shapes and profiles would help prove the method for hypersonic transition characterization. 
